Hughes press. The cell-free system exhibited optimal activity at pH 7. Activity was lost upon dialysis, but restored by addition of dialyzed suspension, or of boiled, undialyzed extract. The dialyzable components active in the selenitereducing system have been identified. Extraction of boiled yeast extract with hexane completely removed its ability to restore selenite reduction in dialyzed preparations. Addition.of glucose-6-phosphate (G-6-P), triphosphopyridine nucleotide (TPN), oxidized glutathione (GSSG), and menadione (2 methyl-1,4-naphthoquinone) to a dialyzed enzyme preparation resulted in rapid and extensive reduction of selenite. I Present address: Istituto di Patologia Generale, Universith di Napoli, Naples, Italy.
ability to restore selenite-reducing capacity in dialyzed enzyme preparations obtained from baker's yeast or from Candida albicans. Menadione or thiodione substituted for the quinone(s) extracted by n-hexane. Active components of the water-soluble, dialyzable fraction of yeast extract included: glucose-6-phosphate, triphosphopyridine nucleotide, and glutathione. Selenite appears to be bound to protein through vicinal thiol groups, and to be released therefrom as metallic selenium after accepting four electrons.
As shown in the preceding paper , reduction of selenite by intact, nonproliferating suspensions of a selenite-resistant strain of Candida albicans occurs rapidly at pH 4.2 at the expense of endogenous metabolism; no added metabolite was found to stimulate the reaction. Cell-free preparations capable of reducing selenite have been obtained both from C. albicans and from baker's yeast disrupted in a
Hughes press. The cell-free system exhibited optimal activity at pH 7. Activity was lost upon dialysis, but restored by addition of dialyzed suspension, or of boiled, undialyzed extract. The dialyzable components active in the selenitereducing system have been identified. Extraction of boiled yeast extract with hexane completely removed its ability to restore selenite reduction in dialyzed preparations. Addition.of glucose-6-phosphate (G-6-P), triphosphopyridine nucleotide (TPN), oxidized glutathione (GSSG), and menadione (2 methyl-1,4-naphthoquinone) to a dialyzed enzyme preparation resulted in rapid and extensive reduction of selenite. I Present address: Istituto di Patologia Generale, Universith di Napoli, Naples, Italy. MATERIALS AND METHODS Microbiological procedures, methods for assay of selenite reduction, radiochemical procedures, and method of operation of the Hughes press to obtain cell-free extracts were described in the preceding paper .
Coenzyme preparation. The selenite-reducing capacity of cell-free extracts was lost upon dialysis but was restored by the addition of heated, undialyzed extract. The latter was prepared by heating a cell-free extract for 5 min at 100 C. Denatured protein was separated by centrifugation, and the resulting clear, slightly yellowish supernatant fluid was stored at -20 C and used as a "coenzyme source."
The coenzyme preparation was extracted with n-hexane in a liquid-liquid extractor for 18 hr; for 30 ml of coenzyme solution, 150 ml of n-hexane were used. After extraction, the aqueous phase was separated in a separatory funnel, heated at 90 C for 3 min to eliminate traces of solvent, and stored at -20 C. The hexane phase was treated with anhydrous sodium sulfate to eliminate traces of water and evaporated under vacuum. The resulting oily material was dissolved in n-hexane for spectrophotometric analysis, or in hot ethanol when used in enzymatic assays. In the latter case, solubilization of the material extracted by hexane was not complete.,
The aqueous phase obtained after extraction with hexane was fractionated on ion-exchange resins. IRC 50, H+ form, and IRA 400, OHform, were packed into two columns (0.6 X 28 cm); 3.5 ml of the aqueous phase (hexaneextracted coenzyme) were passed very slowly through each column, and the resins were washed with 25 ml of water. Both eluates were lyophilized; before use, each was dissolved in 3.5 ml of water.
Assay of enzymatic activity. The following reaction mixture was employed to assay for selenite reduction: 1 ml of 0.1 M tris(hydrox-(pH 7); 0.5 ml of 0.1 M sodium selenite; 0.5 ml of enzvme preparation; 0.5 ml of coenzyme (treated as specified); and distilled water to give a final volume of 5 ml. Reactions were carried out aerobically at 37 C, and selenite reduction usually was determined after 60 min of incubation.
Chemical analyses. Protein content of an extract was determined spectrophotometrically from absorption at 260 and 280 m,, or by a slightly modified version of the turbidimetric method of Bilcher (1947) . In the latter case, a standard was prepared by adding 0.8 ml of (NH4)2SO4 (0.6 M) and 0.5 ml of trichloroacetic acid (3.0 M) to various concentrations of bovine serum albumin (Armour, recrystallized) in 8.7 ml of water. The resulting turbidity was measured (60 sec after mixing) in a Klett-Summerson colorimeter with a blue filter (420 m,.). The ratio of turbidity-protein concentration was linear for protein contents between 0.5 and 3.5 mg/ml. The method could be applied to dialyzed extracts but not to undialyzed material, because of the coprecipitation of extraneous matter. Spectrophotometric measurements were made with a Cary model 14M recording spectrophotometer or a Beckman DU spectrophotometer.
The method of Almquist and Klose (1939) was used for detection of vitamin K. To 2 ml of extract, 1 ml of sodium methylate (3 g of sodium dissolved in 50 ml of redistilled methanol) was added, and the mixture was warmed for a few minutes at 80 C. In the presence of vitamin K, the mixture developed a purple color which changed to reddish and finally to reddish brown.
Total -SH groups were estimated by titration with phenylmercuric nitrate, using nitroprusside as an external indicator, according to the procedure of Powning and Irzykiewicz (1960) . Soluble -SH was determined by the nitroprusside colorimetric method of Grunert and Phillips (1951) , after precipitation of protein contained in the extract with 3% metaphosphoric acid. Protein -SH was calculated by difference between total -SH and soluble -SH.
Reagents. A water-soluble quinone-thioether, thiodione, was prepared by reacting menadione (2-methyl-1 ,4-naphthoquinone) and reduced glutathione sodium salt (GSH), as described by Nickerson, Falcone, and Strauss (1963) . G-6-P, glucose-i-phosphate (G-1-P), sodium 
RESULTS
As shown in the preceding paper , cell-free extracts reduce sodium selenite to red amorphous selenium. At 37 C and 0.01 M substrate concentration, the enzymatic system responsible for such reduction exhibited optimal activity at pH 7. Enzymatic activity of the extract was lost on dialysis but could be restored by the addition of a boiled, undialyzed coenzyme preparation.
Hexane extraction of coenzyme source. Extraction with hexane was employed as the first step in fractionation of the coenzyme source. This procedure has been shown to remove tocopherol, vitamin K, and lipids-substances recently shown to play important roles in the electrontransport system of mitochondria. Hexane extraction completely abolished activity of the coenzyme source; activity was partially restored by addition of the extracted material (Table 1) . 
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* Selenite reduction measured after incubation at 37 C for 60 min, and expressed with reference to untreated cell-free preparation as 100.
Ultraviolet-absorption spectra of the coenzyme source before and after extraction with hexane 0.9 are shown in Fig. 1 and 2 ; hexane extraction decreased absorption in the regions from 240 to 270 mu and from 310 to 340 m,u, regions in which 0.8 vitamin K1 has specific absorption. Based on this finding, the dialyzed enzyme system and hexanel extracted coenzyme were supplemented by the 0.7 addition of menadione, vitamin K5 (4-amino-2-methyl-1-naphthol) tocopherol, or phthiocol.
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Addition of menadione restored about 60% of the coenzyme activity; the other compounds had t no effect (Table 2) . Dicumarol, an antagonist of 0.5 l vitamin K, inhibited activity of the coenzyme zw source by 50% (Table 1) . Although the results reported strongly suggest that hexane extracts < OA 4 from the coenzyme preparation substances related to vitamin K, chemical analyses of the o\ extracted material for vitamin K were negative. (Fig. 3) . This finding suggests either that the active component of HEC was present in very low concentration (such that even large quantities of HEC did not saturate the enzyme system) or, more probably, that the active component comprised the electron donor for enzymatic reduction of selenite. In view of the effect demonstrated for TPN among acidic water-soluble components of the coenzyme source, various substrates for which the respective dehydrogenases are known, or presumed, to be TPN-linked in yeasts were examined (Table 5 ). Addition of G-6-P and GSSG plus TPN supported extensive reduction of selenite by the dialyzed enzyme. G-6-P could be substituted for by G-1-P, but activity was significantly lowered. Other TPNlinked substrates, i.e., malate, isocitrate, and glutamate, did not substitute efficiently for G-6-P in the selenite-reducing system.
The role of glutathione in the selenite-reducing system is of the greatest importance, since elimination of GSSG from incubation mixtures resulted in drastic lowering of activity. It is known that reduction of GSSG to GSH is TPNlinked in many organisms (Conn and Vennesland, 1951; Mapson and Goddard, 1951) , whereas cystine reductase is predominantly DPN-linked (Nickerson and Romano, 1952 (Table 6 ).
The findings just described, as to the specificity of substrate coupling to electron acceptor, account for observations reported in the preceding paper (Falcone and Nickerson and Chung, 1952) , it is understandable that endogenous metabolism sufficed to generate (G-1-P = G-6-P) the TPN-linked substrate shown to be preferred for selenite reduction. Reduction of selenite by reduced forms of glutathione, menadione, and thiodione. Glutathione is known to react through its -SH group with selenious acid, resulting in the formation of Se diglutathione (Petersen, 1951) . This substance is stable in acid solution; in alkaline solution, metallic selenium is deposited. When GSH was incubated with sodium selenite in pH 7 buffer, metallic selenium was produced. The amount of selenite reduced increased with time and was proportional to the glutathione concentration (Fig. 4) ; a maximum was reached after about 2 hr of incubation.
Menadione, dissolved in 70% ethanol at pH 1, was converted to dihydromenadione by the addition of a stoichiometric amount of titaneous chloride. To the colorless solution of dihydromenadione, sodium selenite (dissolved in 70% ethanol at pH 1) was added in small increments (Fig. 5 ). During addition of selenite, the potential progressively increased, the yellow color of oxidized menadione gradually reappeared, and a reddish precipitate, soluble in a solution of Na2S, was formed. It is evident, therefore, that dihydromenadione can reduce selenite to elemental selenium. In contrast to the sluggish reaction between GSH and selenite, reduction of selenite by dihydromenadione was relatively rapid.
Redox potentials of the systems pertinent to our consideration are tabulated in Table 7 .
Menadione is reduced by a flavin enzyme (menadione reductase) that is much more active (Fig. 6) . In neither of these systems is there evidence for participation of GSH in reduction of the quinone. Despite the differences in potential between the systems involving GSH and thiodione, an equimolar concentration of GSH does not reduce thiodione in aqueous solution; only when GSH is present in vast excess does any reduction of thiodione occur . For these reasons, and in view of the relative ease of reduction of selenite by reduced quinone, we conclude that the role of glutathione in the selenite reduction process does not lie in the chain of electron flow. Rather, it would appear that GSH serves to keep thiol groups of protein available as receptors for selenite. Evidence supporting this hypothesis is advanced in the following section of this paper.
Evidence for a functional thiol grouping in selenite-reducing enzyme. That the selenite-reducing enzyme has a functional thiol grouping is evident from the data presented in Table 8 , wherein it can be seen that enzyme dialyzed against glutathione bound 75% more selenite than did enzyme dialyzed against NaCl solution. Furthermore, selenite reduction by whole cells and cell-free extracts is inhibited by sulfhydryl poisons (see Tables 4 and 6 in the preceding paper, .
Presumptive evidence that the functional thiol grouping in the selenite-reducing enzyme may be a vicinal dithiol is furnished by the inhibitory effect of arsenite on the reconstituted enzyme system ( Table 9 ). The inhibitory effect of arsenite is not overcome by a monothiol, glutathione (Table 9) . A finding that arsenical inhibition of an enzymatic reaction is relieved by a dithiol (e.g., BAL), but not by a monothiol, substance is generally taken to indicate the existence of a vicinal dithiol in the functional grouping (Thompson, 1948; Fluharty and Sanadi, 1960) . Attempts to relieve arsenite inhibition of selenite reduction by addition of BAL were frustrated by the unexpected occurrence of complex for- 10-4 M) * Bound selenite was determined on a washed precipitate of an enzyme preparation that had been incubated for 10 min at 37 C with Se7l. Incubation mixtures contained per 5 ml: TPN, 200 j,g; G-6-P, 2 X 10-3 M; and FAD, 2.5 X 10-M. * Enzyme preparation, treated with BAL (10-3 M) at 37 C for 15 min, then dialyzed against GSH (3 X 10-4 M), was incubated in the presence of TPN, G-6-P, and FAD with Na2Se7t03. Protein-bound selenite was determined after incubation for 15 min at 37 C. mation between BAL and selenite. The complex formed a yellowish precipitate that sedimented together with precipitated protein, and rendered activity measurements meaningless. Lamson and Klug (1948) failed to obtain a product from reaction between selenious acid and BAL. The yellow complex between sodium selenite and BAL was obtained in tris-maleate buffer (pH 7). Presumably, BAL would compete with protein for complex formation with selenite.
Selenite characteristically reacts in a divalent manner with sulfhydryl substances to form -S-Se-S linkages (Painter, 1941; Petersen, 1951) ; reaction between selenious acid and cysteine or glutathione in aqueous solution yields selenium dicysteine or selenium diglutathione. In combining with thiol groups of protein, it is evident that selenite binds to more than one exposed -SH group (Table 8 ). The data reported in Table 8 indicate that even if all of the -SH groups in the protein were accessible (an improbable occurrence) more than one -SH group is required per mole of selenite bound.
DISCUSSION
The dialyzable cofactors necessary for enzymatic reduction of selenite by cell-free preparations include: a quinone, a thiol substance, a pyridine nucleotide, and an electron donor. Elucidation of the components of this complex system is based on evidence which may be summarized as follows. ; condensation of quinones of two elec-with thiol groups of protein is known (Mayer, nied by re-1948 
